We constrain, in detail, fluctuations of two former ice caps in NW Scotland with multibeam seabed surveys, geomorphological mapping and cosmogenic 10 Be isotope analyses. We map a continuous sequence of 40 recessional moraines stretching from ~10 km offshore to the Wester Ross mountains. Surface-exposure ages from boulders on moraine ridges in Assynt and the Summer Isles region show that substantial, dynamic, ice caps existed in NW Scotland between 13-14 ka BP. We interpret this as strong evidence that large active glaciers probably survived throughout the Lateglacial Interstadial, and that during the Older Dryas period (c.14 ka BP) ice caps in NW Scotland were thicker and considerably more extensive than in the subsequent Younger Dryas Stadial. By inference, we suggest that Lateglacial ice-cap oscillations in Scotland reflect the complex interplay between changing temperature and precipitation regimes during this climatically unstable period (~15-11 ka BP).
Traditionally, glacial deposits and landforms from the mountains and glens of western Scotland have been ascribed to the Younger Dryas (YD) chronozone (12.9-11.7 ka BP; Greenland Stadial 1 (GS-1) (Lowe et al., 2008) ), locally known in Britain as the Loch Lomond Stadial (e.g. Sissons, 1977 Sissons, , 1979 Ballantyne, 1989 Ballantyne, , 2007 Bennett and Boulton, 1993; Benn and Lukas, 2006; Golledge, 2007) . Examples of earlier, unequivocal, glacial advances or oscillations in Scotland are rare in the literature -the most notable being the Wester Ross Readvance, along the NW seaboard of mainland Scotland c. 16 ka BP (Robinson and Ballantyne, 1979; Everest et al., 2006) . During the intervening Lateglacial Interstadial (GI-1) (14.7-12.9 ka BP) many authors have argued, based on scattered pollen sites and basal radiocarbon dates, that Britain was extensively, if not completely, ice free (e.g. Sissons, 1967; Bowen et al., 1986; Lowe et al., 1994) . Whether or not glaciers in Scotland disappeared completely before regrowing in the YD is a long-debated point. Although many workers have argued convincingly for the existence of small glaciers in favourable locations during the Lateglacial Interstadial (e.g. Sugden, 1980; Sutherland, 1984; Ballantyne and Sutherland, 1987; Clapperton, 1997) , the idea of 'ice-survival' remains untested.
Recently, cosmogenic-exposure ages on glacially transported boulders and ice-worn bedrock have yielded dates that sit uneasily with models of complete Scottish deglaciation by the onset of GI-1. Everest and Kubik (2006) , Stone and Ballantyne (2006) and Golledge et al. (2007) have all reported uncorrected 10 Be exposure ages that fall within the period ~13-15 ka BP. The question remains, therefore: Did significant ice volumes persist into the Lateglacial Interstadial? And did any glaciers in Scotland remain active throughout this period and into the Younger Dryas?
In this short article we present new geomorphological and cosmogenic-isotope evidence from NW Scotland demonstrating that two substantial ice caps did indeed exist and remained active during the Lateglacial Interstadial. (Bradwell et al., 2007) . The glacial geology and an overview of the bedrock geology of the area has been described in more detail by Stoker et al. (2006) and Bradwell et al. (2008) .
Study Site and Methods
We used multibeam Geoswath imagery, boomer seismic profiles, colour stereoscopic aerial photographs and NEXTMap digital surface models, combined with detailed geological field surveys to map the onshore and offshore glacial geomorphology of the Summer Isles region of NW Scotland. As part of a wider geochronological investigation, we sampled 10 glacially transported boulders on 3 moraine systems for surface-exposure dating using Samples were processed at the University of Glasgow's Centre for Geosciences cosmogenic isotope laboratory using methods adapted from Kohl and Nishiizumi (1992) , Ditchburn and Whitehead (1994) and Child et al. (2000) . Beryllium ratios were determined at the Scottish Universities Environmental Research Centre (SUERC) AMS facility. Mhor moraine are anomalously young outliers (10.0 and 6.8 ka BP). We attribute these outlying samples to boulder instability (overturning) or possibly Holocene rockfall. The eight overlapping, tightly clustered, minimum exposure ages strongly suggest glacial deposition c. 14 ka BP, during GI-1. Dearg (Sissons, 1977; Bradwell, 2006; Finlayson and Bradwell, 2007) . Final Complete deglaciation of NW Scotland during the brief thermal maximum (GI-1e)
followed by a major readvance to the Summer Isles in the Older Dryas (GI-1d) would have required extremely rapid horizontal ice-sheet retreat of ~40 km in as little as one or two centuries followed by ice-cap regrowth and a readvance of c. 30 km in the following 200-300 yrs (i.e. by ~14 ka BP). This version of events would require quite remarkable glacier turnover rates, beyond those currently experienced by even the most dynamic glaciers on Earth (e.g. Paterson, 1994; Dyurgerov, 2002) . Furthermore, fossil chironomids from Borrobol, Sutherland, indicate that the thermal maximum between 14.5-15 ka BP was probably very short-lived or subdued in northern Scotland (Mayle et al., 1999) . The presence of large glaciers in warm maritime climates today, notably in southern Iceland, Patagonia and New Zealand, clearly illustrate that significant ice masses can survive relatively unharmed during periods of unfavourable warmth, especially if winter precipitation is high or if they possess long response times (e.g. Oerlemans, 1989; Pfeffer et al., 1998) . In fact, we suggest that increased glacier melt in warmer air temperatures may have been offset by increased precipitation and changes in seasonality in NW Scotland during the Lateglacial
Interstadial. This phenomenon can result in glacial equilibrium being maintained or even glacier advance -as seen recently in several high-turnover glacier regions (e.g. Nesje et al., 1995; Johannesson and Sigurdsson, 2001; Chinn et al., 2005) , and is especially pronounced in tidewater glaciers (Bentley et al., 2007) . We surmise that times. Consequently, we find it highly improbable that ice caps in NW Scotland disappeared during the brief ~600-yr GI-1e period (14.7-14.1 ka BP) only for considerable ice masses to grow anew immediately after (GI-1d; 14.1-13.9 ka BP). A much simpler explanation, strongly supported by our new data, is that active glaciers persisted throughout the entire Lateglacial Interstadial (GI-1) and into the Younger Dryas (GS-1) in NW Scotland.
In the light of our new chronological and geomorphological evidence, we believe that the two well-known Lateglacial age constraints at Cam Loch (Pennington et al., 1977) and Loch Droma (Kirk and Godwin, 1963) (Figure 1 ) has radiocarbon reversals and discrepancies that cast serious doubt on the published age of the basal unit (12,956 ±240 14 C a BP).
These systematic errors can probably be attributed to the presence of calcareous rocks and reworked fossil carbon in the catchment of both lochs (cf. Sutherland, 1980) Our new cosmogenic-exposure ages confirm the existence of substantial ice caps in NW Scotland during the first half of GI-1. We equate this significant morainebuilding phase with the Older Dryas event seen widely elsewhere around the North Atlantic -most notably in western Norway, Iceland and offshore Greenland (e.g. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32 Zero-erosion 10 Be exposure ages from three moraines in NW Scotland plotted against NGRIP ice-core data from 8-16 ka BP. Ice-core stages and age model from INTIMATE group (Lowe et al., 2008) . Grey shading indicates most probable moraine-building phase, centred around the Older Dryas (GI-1d). Topographic and geometric shielding factor was <0.5% for all samples * Calculated using 160 g cm -2 for the effective attenuation length for high energy spallation and a rock density of 2.7 g cm -3 . # Data relative to NIST SRM 4325 taking 10 Be/ 9 Be = 3.06 x 10 −11 (Middleton et al., 1993) . Procedural 10 Be blanks < 4.7 x 10 4 atoms ( 10 Be/ 9 Be < 4 x 10
−15
). § Calculated using CRONUS-Earth 10 Be-26 Al exposure age calculator (Version 2) assuming zero erosion and adjusted for variations in palaeomagnetic field strength -the 'Lm' scaling scheme in the CRONUS-Earth exposure age calculator. The calculator and associated documentation including production rate parameters can be found at http://hess.ess.washington.edu/math. Uncertainties include production rate uncertainty and AMS measurement uncertainty. Uncertainties in brackets include analytical uncertainties only. 
